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Abstract 
Glass optical waveguides are a promising medium for mixed laser-ultrasonic applications. Initial analysis of the possibilities of 
compensating for the flaws associated with laser and ultrasonic technologies, e.g. in the process of cutting biological tissues,
showed that such a mixed technology could be more effective. The measurements of ultrasonic wave transmission ware 
performed for three representative types of optical fibers: a multimode step-index fiber, a single mode step-index fiber and 
multimode gradient-index fiber. The material the optical fiber is made of enables simultaneous transmission of light and 
ultrasonic wave. This study presents amplitude characteristics of the measured output voltages of the capacitive sensor for the
types of optical fibers in question. The work also presents methods of modulation of light wave propagated in optical fiber by 
means of ultrasonic wave, which is performed with the use of radial vibrations of piezoelectric disk and longitudinal vibrations
generated by a sandwich ultrasonic transducer with a wave velocity transformer. Experiments were performed using a Mach-
Zehnder interferometer. 
PACS:4380Vj,4262Be 
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1. Introduction 
The aim of this study was to investigate the possibilities of acoustic wave propagation in optical fibers and 
experiment with simultaneous transmission of laser beam and ultrasonic wave. A Mach – Zehnder interferometer 
was used in the process. The optical fibers' core was made of SiO2 (97%) and GeO2 (3%) and the cladding was 
100% SiO2. This structural composition allows simultaneous transmission of light and ultrasonic wave [1]. 
The study began with transmission of ultrasonic waves in optical fibers. During the first measurements a multi-
mode optical fiber with step-adjusted refraction coefficient and core diameter of 1mm was used. A suitably long 
optical fiber (multiple Ȝ/2 of ultrasonic wave in order to achieve maximum output vibration amplitude) was glued to 
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piezoelectric plate vibrating in thickness mode. A capacitive sensor was used to register longitudinal vibrations
(Fig.1).
Fig.1 Measurement set-up for transmission of acoustic wave in optical fiber.
2. Study results
2.1. Transmission of ultrasonic waves in optical fibers
It was assumed that, as in the case of light wave, ultrasonic wave is only transmitted in the core. 
All the obtained results were compared with the results obtained while using a model in the shape of a glass pipe,
the diameter of which was 6mm. The amplitude for the glass pipe was higher than for the optical fiber, which can
result from larger diameter of the body in which the wave propagated.
Following measurements were performed for optical fibers with various core and cladding diameter [2]: single
mode step-index fiber (8/125μm) and multimode gradient-index fiber (50/125μm).
It was assumed that the smallest amplitude would be achieved for the single-mode optical fiber as it has the
smallest core diameter. The experiments show that the smallest amplitude was obtained for the multimode gradient-
index fiber (Tab.1).
Table 1. Amplitudes obtained for optical fibers with various diameters.
Optical fiber Core diameter [μm] Amax [V] f [kHz]
Multimode step-
index
1000 6 222
Single mode step-
index
8 1.5 167
Multimode gradient-
index
50 0.99 158
In the single-mode optical fiber acoustic wave propagates in the core and the cladding (125μm), whereas in case
of the multi-mode optical fiber with the diameter of 1mm and the multi-mode gradient-adjusted optical fiber
acoustic wave is only transmitted in the core. As a result amplitude obtained for the single-mode optical fiber is 
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larger than in case of the gradient-adjusted optical fiber. Fig.2 shows a comparison of amplitude characteristics of 
the measured output voltages of the capacitive sensor for the studied optical fibers and the model glass pipe.
Fig.2 Comparison of amplitude characteristics of voltages for 
the studied optical fibers and the glass pipe.
Fig.3 Measurement of ultrasonic wave velocity a) CH1 – activation,
CH2 – output signal, t=37μs, V=4054m/s, b) 1mm optical fiber CH1-
output, CH2 – activation, t=32μs, V=4687m/s.
Next the velocity of ultrasonic wave in the glass pipe and the 1mm in diameter multi-mode optical fiber was
measured (Fig.3). Longitudinal wave velocity VL for the material the core is made of (97%SiO2, 3% GeO2) is 
5086m/s and transverse wave velocity VS = 3677m/s. For the cladding material the values are: VL= 5933m/s,
VS=3764m/s.
The obtained velocity is lower than the velocity in the material the optical fiber is made of. This is the case
because velocity of longitudinal waves in thin rods is lower than in an unbounded medium.
2.2. Simultaneous transmission of light and ultrasonic wave
A Mach – Zehnder interferometer was used during experiments with simultaneous transmission of both wave
types. Initially, a piezoelectric plate was inserted into the signal arm of the optical fiber interferometer, which was
later substituted with a sandwich type transducer. The characteristics of the latter are shown in Fig.4.
The transducer had three resonance frequencies (f1=50.6kHz, f2=52.5kHz, f3=55.76kHz). The largest vibration
amplitude was obtained for the frequency of 52.5kHz. Transducer impedance is 600ȍ.
Fig.4 Power sandwich ultrasonic transducer characteristics, a) 
conductance in a function of frequency, b) admittance amplitude phase
characteristics, f1=50.6kHz, f2=52.5kHz, f3=55.76kHz.
Fig.5 Mach – Zehnder interferometer with a sandwich
transducer (longitudinal vibrations).
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Fig.5 shows the measurement set-up for simultaneous transmission of light and ultrasonic wave.
An AG Series power amplifier by T&C Power Conversion controlled by means of a HP 33120A generator. In
MGC (Manual Gain Control) mode, internal fixed gain control may be set form 0 W (0.0%G – PMi= 0%) to the full
gain of 57dBm (100.0%G). We can measure forward power, reverse reflected power (RP) and load power (LP). The
display of forward, reflected and load power is of great benefit in monitoring a power delivery system. A SUT 
1KLF-5 matching transformer was used. 1:3 (450Ohm) and 1:4 (800Ohm) ratio was applied. Better matching was,
however, achieved for the 1:4 ratio. For resonance frequencies the reflected power RF is minute (Fig.6a); beyond the
resonance the system shows more reflected power (Fig.6b).
Fig.6. Reflected power in relation to frequency, a) resonance frequency, b) frequency beyond resonance frequency.
Since the transducer worked better at the frequency of 52.5kHz, the amplitude showed by the detector for
52.5kHz is higher than for 50.6kHz.
Fig.7 shows the relation of amplitude to frequency.
Fig.7 Relation of amplitude to frequency, a) sandwich transducer,
no turns, 2 optical fiber turns, 3 turns, b) piezoelectric plate, 38mm
in diameter (fres = 64.1kHz  and 66.525kHz) and 50mm in diameter
(fres = 44.65kHz), 20 optical fiber coils.
Fig.8 Bandwidth for the sandwich transducer, in which the
fringes appear.
Fig.7 shows that the output signal amplitude is lower for resonance frequencies. The farther from resonance, the
higher the amplitude, until it drops for frequencies far from resonance frequencies. Information in fig. 7 brings about
conclusion that sandwich transducer is very narrow-band. In case of piezoceramics the resonance bandwidth is
larger. Greater amplitude was obtained for a piezoelectric disk, 50mm in diameter. For resonance frequencies, at
which frequency decrease can be observed, there appear interference fringes.
Bandwidth for the sandwich transducer, in which the fringes appear, is presented in Fig.8.
For the frequency of 50.6kHz, the range in which the fringes appear in very narrow. Additionally, the transducer
needs more power. For 52.5kHz the bandwidth is larger and the fringes appear for low power. Fig.8 shows the
bandwidth, for 52.5kHz frequency, in case of three optical fiber turns around the sandwich transducer. Analysing the
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information in fig. 8 allows conclusion that the more coils the larger the bandwidth in which the fringes can be
observed. The further from the resonance frequency the more power must be fed to the transducer in order to
generate the fringes. Moving even further away from the resonance frequencies causes the fringes to disappear. This
results from the fact that the change of phase is small (bellow 0.5ʌ) and this is why you cannot see the fringes.
The number of fringes depends on the number of coils. Te more the number of turns around the ceramics (Fig.9)
or the sandwich transducer (Fig.10), the more fringes appear.
The number of fringes can be used to calculate displacement amplitude. One fringe corresponds to Ȝ/2 [3-7]. The
displacement can be expressed using the following equation [5,7]:
2
OND   (1)
where N- the number of fringes in a time period, Ȝ – light wavelength (laser). 
Fig.9 The relation of the number of fringes to the number of 
turns around the transducer.
Fig.10  The relation of the number of fringes to the number of turns
around the sandwich transducer, P=14W, f=52.5kHz, a) without turn,
D=4.6μm, b) 3 turns, D=11.5μm.
In order to precisely determine the displacement amplitude in μm it will be necessary to use a laser vibrometer or
a capacitive displacement sensor. In surgical applications the achieved displacement amplitudes are in the range of
10 – 130μm.
It was noticed that higher power results in lower amplitude (Fig.11a) and a greater number of fringes (Fig.11b).
In the ranges in which the amplitude increases together with power, the number of fringes remains constant (Fig.11).
Fig.11 clearly shows that the higher the power the larger the number of fringes.
Fig.11 Relation of a) amplitude, b) the number of fringes to the power supplied to the sandwich transducer 
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In order to obtain higher displacement amplitudes it would be necessary to increase the number of turns or the 
power supplied to the transducer. 
3. Conclusion 
The effectiveness combining laser and ultrasonic technologies requires an appropriate mode of interaction 
between the light and ultrasonic energy. The study presents the relations concerning simultaneous operation of both 
types of waves and the possibilities of transmission of low frequency, high power ultrasonic wave in optical fibers 
using a sandwich type transducer. All the performed experiments and an initial analysis of potential of compensating 
the disadvantages of laser and ultrasonic technologies in surgical applications [9] allows an assumption that it is 
possible to combine the advantages of an ultrasonic surgical knife and a laser one and at the same time limit some of 
the flaws present when both the instruments are used separately. Additionally, ultrasonic wave propagation in 
optical fibers makes it possible to use ultrasounds in endoscopy. Another step will be to experiment with 
simultaneous transmission of ultrasonic waves and laser rays in optical fibers by means of optical fiber couplers. 
This will shed more light on the interaction between the two types of waves. 
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